A factor from rabbit-reticulocyte ribosome, which stimulates by 5-fold initiation of hemoglobin mRNA translation in Krebs ascites cell extracts, was purified to homogeneity. The factor, a protein of about 65,000 molecular weight in sodium dodecyl sulfate, discriminates between various mRNAs: it stimulates translation of a globin mRNA and of tobacco mosaic virus RNA, but has only a small effect on # globin mRNA and no effect at all on Mengo virus RNA translation.
Control of gene expression at the level of mRNA translation into protein has been proposed in many systems (1) (2) (3) (4) . This control predicts the existence of a mechanism by which ribosomes discriminate between different mRNAs and can, in the same cell environment, translate one class rather than another. Ribosome-associated mRNA-discriminating factors have been found in Escherichia coli (5-7). They act at the level of initiation by affecting recognition of individual mRNA initiation sites by ribosomes. These mRNA-discriminating factors belong to a group of proteins that are closely associated with initiation factor (IF)-3; they have been named IF-3 interference factors (8, 9) .
To test the universality of a translation control mechanism based on mRNA-discriminating factors, we looked for the existence of similar factors in various mammalian cells. We previously reported that in a Krebs ascites cellfree extract, addition of a ribosomal KCl-wash fraction from reticulocytes stimulates translation of mRNA of reticulocyte 9S hemoglobin (Hb) preferentially to that of Mengo virus RNA (Mengo RNA) (10) . We have now purified from reticulocyte ribosomes the activity that discriminates between these mRNAs. The purified factor behaves as a protein that stimulates translation of Hb mRNA but not of Mengo RNA. The factor discriminates between the two Hb mRNAs and selectively increases a globin mRNA translation. Stimulation of translation of tobacco mosaic virus (TMV) RNA is also observed. The failure of this factor to stimulate translation of Mengo RNA in Krebs cell extracts is not due to the fact that Mengo RNA is already optimally translated in this system, since addition of a soluble fraction from L cells to the Krebs extract markedly stimulates translation of Mengo RNA with no effect on Hb mRNA. These results now firmly establish the existence in mammalian cells of mRNA-discriminating factors, which had been proposed by Heywood (11) but doubted by several authors (12) (13) (14) . Our results also demonstrate that synthesis of a and , globin are independently controlled.
MATERIALS AND METHODS
Preparation of Krebs Cell-Free Extracts. Cytoplasmic extracts (5-30) were prepared and incubated according to Matthews and Korner (15) , but with HEPES buffer (16) . Krebs cells were harvested 6 days after inoculation in the peritoneal cavity of mice.
Preparation of mRNAs. Hb 9S mRNA was extracted from rabbit reticulocyte polyribosomes (10, 17) . Growth of Mengo virus on Lscell cultures, virus purification, and RNA extraction were as described (10, 18 (18) by homogenization in hypotonic solutions, centrifugation for 10 min at 10,000 X g, preincubation of the extract, and filtration through Sephadex G-25 (15) . Ribosomes were obtained by centrifugation for 3 hr at 150,000 X g. The cell supernatant was precipitated with 90%O saturation ammonium sulfate dissolved in buffer C [20 mM Tris HCl (pH 7.5)-120 mM KCI-5 mM MgCl2-7 mM 2-mercaptoethanol-20%0 glycerol] and dialyzed against this buffer. Ribosomes were washed in 0.5 M KCI-20 mM Tris HCl (pH 7.5)-5 mM MgC12-7 mM 2-mercaptoethanol for 3 hr before centrifugation again under the same conditions. The supernatant, dialyzed against buffer C, was used as the ribosomal KCl-wash fraction.
Preparation of Reticulocyte Ribosomes. Polyribosomes were isolated from reticulocytes of phenylhydrazine-treated rabbits (17) . The ribosomes were suspended at 20 mg/ml in 0.25 M sucrose-1 mM dithiothreitol-0.2 mM EDTA (pH 7.5), and may be stored in liquid N2. Ammonium sulfate precipitate from reticulocyte postribosomal supernatant was obtained as above.
Purification of Reticulocyte mRNA-Discriminating Factor. To a suspension of 7.5 ml of reticulocyte ribosomes (200 mg, obtained from seven rabbits) KCl was added to a final concentration of 0.5 M, and the mixture was stirred for 2 hr at 40. Ribosomes were pelleted at 63,000 rpm for 165 min in Spinco rotor 65. To 7 ml of supernatant ribosomal wash (6 mg of protein per ml; step I), 3.6 g of solid ammonium sulfate was added with 0. (Table 1) . These active Krebs cellfree extracts, therefore, provide an assay system for purification of a factor that discriminates between Hb mRNA and Mengo RNA.
Purification of Hb mRNA Stimulatory Factor. Fig. 1 shows the elution pattern from DEAE-cellulose of the protein precipitated by ammonium sulfate from reticulocyte ribosomal wash. Each fraction eluted from the column was assayed for its effect on translation of Hb RNA and Mengo RNA. Hb mRNA stimulatory activity is eluted as a single peak around 0.25 M KCL.
An activity that stimulates Mengo RNA translation is eluted from DEAE-cellulose before the factor. In the peak of Hb mRNA stimulatory activity, Mengo RNA translation is inhibited. This inhibition is most expressed at low KC1 concentrations. Endogenous Krebs-mRNA translation, which is stimulated more than 5-fold by crude ribosomal wash, is also increased by the DEAE-cellulose fraction. Inhibition of Mengo RNA may be an indirect consequence of competition between templates. Upon further purification (see below) the increase with endogenous mRNA and the inhibition with Mengo RNA are much reduced. Some Mengo RNA inhibitory activity may, however, genuinely be part of the reticulocyte factor (see Figs. 3 and 4) . In addition, fractions not absorbed on DEAE-cellulose (6-8 of Fig. 1 any stimulatory factor that might have been masked by the inhibitor).
The Hb mRNA-stimulatory fractions from DEAE-cellulose (tubes 50-60, Fig. 1 ) were further purified on phosphocellulose, from which the factor elutes around 0.3 M KC1. The Hb mRNA-stimulatory factor was purified more than 100-fold over the ribosomal wash fraction (legend, Fig. 1 ). Since we cannot measure the activity in crude lysates, the overall purification ratio cannot be ascertained. The purified protein gives a nearly homogeneous band on Na dodecyl sulfate-polyacrylamide gels (21) around 65,000 molecular weight. Upon analysis by glycerol gradient centrifugation, the native factor also appears smaller than 100,000.
The purified factor stimulates the rate of Hb mRNA translation in Krebs S-30 fraction about 5-fold (Fig. 2) . There is, in contrast, no stimulation of Mengo RNA translation in Krebs S-30 fraction (Fig. 2b) , even when the extracts were frozen and thawed several times. A small stimulation of protein synthesis in the absence of added mRNA is also visible (Fig. 2a) , but much less pronounced than with crude factors.
The purified factor seems free of nucleic acids. Its chromatographic behavior on ion exchangers and its spectrophotometric properties indicate that it is a protein. Moreover, the factor is inactivated by heating at temperatures around 500, with a thermal transition characteristic of a protein (Fig. 3) .
The inactivated factor appears to inhibit slightly Hb mRNA translation. Strikingly, the small inhibition of-Mengo RNA translation exhibited by the native factor disappears also after heating at 500 (Fig. 3) .
As reported (10), the crude reticulocyte ribosomal wash fraction already preferentially stimulates Hb mRNA translation in Krebs S-30 fraction. However, when protein is synthe- sized at high KCI concentrations, stimulation of Mengo RNA translation becomes apparent (10, 12, 13) . This observation has caused confusion in interpretation of the specificity of the effect of crude factors. It was, therefore, essential to study the effect of the purified factor over a wide range of KCI concentrations. Fig. 4 shows that the purified factor does not stimulate Mengo RNA translation at any KCI concentration. Under the same conditions, crude factors (not shown) would stimulate both Hb mRNA and Mengo RNA much more at high KCI concentrations. Presumably, the Mengo RNA stimulatory activity is separated from the factor during purification (Fig. 1) . The stimulation of Hb mRNA translation by purified factor is seen at the optimal KCI concentration; it disappears at low KCI concentrations. The Mg++ optimum is unchanged by the factor. Stimulation of Hb mRNA translation was seen at all mRNA concentrations; it was largest with low amounts of Hb mRNA but even an excess of mRNA did not substitute for the addition of factor.
The factor stimulates both the rate and the extent of globin synthesis (Fig. 2) . When the factor is added after aurintricarboxylic acid, which blocks initiation, no stimulation is observed ( Specificity of the Reticulocyte Purified Factor for a and jB Globin Synthesis. We have analyzed in more detail the translation of Hb mRNA in the Krebs S-30 fraction by comparing the relative yield of i and a globin chains by two techniques. The first was by measurement of the ratio at which different amino acids are incorporated. Since there are 3 isoleucine and 11 valine residues in rabbit a globin while there is only 1 isoleucine and 18 valine residues in 3 globin chains, an increase in the Ileu/Val ratio indicates more synthesis of a chains. Addition of reticulocyte crude ribosomal wash, but not of supernatant, to the Krebs S-30 fraction produced a 2-fold increase in the Ileu/Val ratio, while the ratio Val/Phe (8 phenylalanine residues are found in each chain) decreased by one-third. We measure the 9S Hb mRNA-dependent incorporation and the effect, therefore, indicates an increased translation of the added a globin mRNA relative to that of , globin mRNA. This result was confirmed by direct analysis of incorporation of [60S]methionine into the characteristic unique tryptic peptide derived from the a and f globin chains (Fig. 5) . The peptides were separated by electrophoresis at pH 3.5 and identified by comparison with the material labeled in vivo from a and i chains separated on a carboxymethyl cellulose column (20) . Table 3 summarizes the results: by itself Krebs S-30 fraction translates much less a globin than # globin mRNA. Addition of crude ribosomal wash fraction stimulates translation of both chains, although that of the a chain more. This result indicates that both chains were not translated at their maximum efficiency. With purified factor, the stimulation is preferentially for a globin mRNA and much less for ,3 globin mRNA (Fig. 5) . The ratio of a/# globin synthesis, which is (10, 12, 13) , has been hard to interpret. Based on our previous observations (10) of a preferential stimulation of Hb mRNA translation over Mengo RNA, we developed an assay system that allows us to purify to homogeneity a protein factor that discriminates between these two templates. The purified factor stimulates initiation of Hb mRNA translation in Krebs cell S-30 fraction. It has no effect on elongation. The factor is not specific for Hb mRNA, since it also stimulates TMV RNA translation. It does not, however, promote Mengo RNA translation under any ionic conditions. In addition, the factor discriminates between the two globin mRNAs and preferentially stimulates translation of a globin mRNA over that of globin mRNA. The lack of stimulation of Mengo RNA and globin mRNA by purified factor is not an artifact, since translation of these mRNAs could be increased by addition of other cellular subfractions.
Our results confirm the existence of mRNA-discriminating initiation factors in mammalian cells. Such factors, whose existence has been well documented in E. coli (5-9), were first described by Heywood (4, 11) (26) have purified from Krebs cell supernatant an initiation factor for encephalomyocarditis RNA that is inactive with Hb mRNA. The Mengo RNA stimulatory activity found in L-cell subfractions (Table  1) could be due to the same factor. In addition, these authors show that Krebs cell supernatant contains an independent activity for globin mRNA translation.
The mechanism of mRNA discrimination by initiation factors is poorly understood. Our data in E. coli suggest that these proteins confer to the ribosomes a higher affinity for several templates. A given factor is not specific of one mRNA or one cistron, but promotes translation of a given class of mRNAs. When different templates are in competition for the ribosomes, this discriminatory activity becomes very marked (10) . This model explains how translation may be controlled without need to postulate one initiation factor for each mRNA in the cell. Results computed from electropherogram as in Fig. 5 . Conditions as in legend to Fig. 5. Several initiation factors have been described in reticulocytes (23) and, by analogy with E. coli, it has been suggested that M3 is involved in mRNA binding to ribosomes. The mRNA-discriminating factor IHb described here has some characteristics that do not correspond to M3: it is eluted from DEAE-cellulose at higher salt (23) , it appears to be a smaller protein, and it appears to be quite stable during purification. Even if it is not M3, it may be analogous to a bacterial interference factor (8) and work in conjunction with M3. Reticulocyte M3 can be replaced by M3 from other sources (14) and our factor may work with the M3 present in the Krebs extracts.
It is not clear if the presence of this Hb mRNA stimulatory factor in reticulocyte has any significance for the differentiated function of this cell. Our assay system, however, indicates that Krebs cells are deficient in initiation factors with such high affinity for a globin mRNA. We have not detected a similar Hb mRNA stimulatory activity in mouse brain or L cells. Extracts of those tissues contain, on the other hand, an activity that stimulates Mengo RNA translation in Krebs extracts.
Our data strongly support the existence of independent initiation for a and 13 globin mRNA. The amounts of a and ,3 globin synthesized in response to total Hb mRNA varies with the tissue investigated (13, 20, 24) . Isolation of a pure factor that modifies the ratio at which the two globin mRNAs are translated explains how such variations are possible. It proposes also a possible molecular basis for the alteration in the relative translation of the two globin mRNAs observed in human reticulocytes in certain forms of thalassemia (25) .
